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MECHANISMS ACCELERATING MUSCLE ATROPHY IN
CATABOLIC DISEASES

WILLIAM E. MITCH

ATLANTA, GEORGIA

INTRODUCTION

Loss of lean body mass, predominantly muscle, is a serious compli-
cation for patients afflicted with virtually any disease because protein
malnutrition in hospitalized patients is associated with excessive mor-
bidity and mortality (1). The potential causes of protein malnutrition
include an inadequate diet but the mechanism(s) leading to loss of
muscle mass in such patients is not so simple since feeding more
calories and protein to catabolic patients does not result in positive
nitrogen balance nor an increase in muscle mass (2). Instead, the cause
of muscle loss is an imbalance in protein turnover because of acceler-
ated protein degradation and/or suppressed protein synthesis. Since
the daily rate of protein turnover exceeds protein intake by more than
3-fold when dietary protein is above the recommended daily allowance
of protein, even a small change in protein turnover will upset protein
balance and if the change is persistent, there will be a major loss of
protein stores (Figure 1). In fact, the major cause of the decline in
muscle mass that occurs in catabolic illnesses is an acceleration of
protein degradation. Recent discoveries using animal models of cata-
bolic illnesses have provided insights into the mechanisms stimulating
muscle protein degradation: in all the conditions studied to date,
common mechanisms when muscles atrophy (3).

PHYSIOLOGIC IMPORTANCE OF PROTEIN DEGRADATION

The information depicted in Figure 1 shows that the rates of
protein degradation must be highly regulated to match changes in
the rates of protein synthesis precisely in widely varied proteins (in
terms of half-lives) in order to maintain protein balance. In some
ways, the daily loss of so much protein in processes of protein
degradation seems counterproductive but in fact, the continual de-
struction of cellular proteins serves several important homeostatic
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Fig. 1. The daily flux of protein in a 70 kg adult in nitrogen balance while eating 1 g
protein/kg/day and excreting the equivalent amount of protein as nitrogen. The turnover
of cellular proteins is substantially larger than the intake of protein and exceeds the
turnover of plasma proteins by 10-fold.

functions. Firstly, the rapid removal of critical regulatory proteins
(e.g., transcription factors or enzymes and inhibitory factors) is
essential for regulating the growth of cells and metabolic processes.
Secondly, the rapid degradation of specific proteins permits adapta-
tions to any physiologic condition that produces a change in cell
composition. For example, hepatic enzymes catalyzing glucose stor-
age disappear and the synthesis of gluconeogenic enzymes increases
within hours of beginning a fast and these changes rapidly reverse
after feeding. Thirdly, the degradation of cellular proteins serves an
essential control mechanism that selectively eliminates abnormally
folded or damaged proteins that have arisen by mutations, biosyn-
thetic errors, or through damage by oxidation or denaturation. For
example, globins that are folded abnormally in patients with hemo-
globinopathies are degraded within minutes after synthesis.
Fourthly, in producing antigens, protein degradation plays a critical
role in the normal functioning of the immune system. Finally, when
calories are inadequate or there is a catabolic disease, the overall
breakdown of cell proteins (especially those in muscle) increases to
provide the organism with amino acids that are essential for glu-
coneogenesis and the synthesis of new proteins (4).
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CELLULAR PATHWAYS OF PROTEIN DEGRADATION

Early work established that lysosomes perform an important func-
tion by degrading proteins as well as large glycolipids and constituents
of the cell membrane and it was suspected that lysosomes were pri-
marily responsible for the continual turnover of cellular proteins. It is
now established, however, that protein degradation also occurs in the
cytoplasm, endoplasmic reticulum, the nucleus and in mitochondria
(3). On the other hand, the mechanisms by which cellular proteins
destined for degradation are recognized and how specific proteolytic
pathways become activated are still not well understood.

Regarding the pathways in which specific proteins are degraded
(Figure 2), extracellular proteins (e.g., plasma proteins, hormones,
phagocytosed bacteria, etc.) are engulfed by endocytosis and degraded
within lysosomes (the intracellular organelles that contain proteases
with an acidic optimum pH such as Cathepsin B, H and D). In addition,
lysosomes degrade foreign proteins to generate peptides that are pre-
sented to the immune system in association with MHC Class II mole-
cules. Finally, cytosolic proteins taken up by autophagic vacuoles are
degraded in lysosomes. In the liver and possibly other organs, this
process is accelerated when levels of amino acids and insulin are low.

Other cytosolic proteolytic systems include the calpains which are
calcium-activated, cysteine proteases and the ATP-dependent and

Cellular Pathways For Protein Degradation
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ATP-independent proteolytic pathways. The calpains appear to be
activated when cells are injured, leading to a rise in cytosolic calcium,
but the function of calpains in the normal turnover of cellular proteins
is unclear (5). There are reports that calpains do participate in the
initial disruption of the complex secondary structure of muscle (6,7).

It is now clear that the bulk of all cellular proteins is degraded by the
ATP-ubiquitin-proteasome dependent pathway (Ub-P’ some system)
(8,9). Initially, this pathway was shown to be responsible for the
degradation of abnormal (e.g., misfolded) proteins and short-lived pro-
teins involved in regulating cellular processes but more recent reports
indicate that this system is also responsible for the turnover of long-
lived proteins in cells (3,4). This system also generates peptides pre-
sented on MHC Class I molecules during the immune response (8).

Finally, there is the ATP-independent proteolytic pathway that can
degrade cellular proteins. Substrates degraded by this poorly-under-
stood pathway are not well characterized and its importance in the
control of protein balance in cells has not been identified.

The contribution of each of these pathways to the control of the mass
of protein in muscle has been estimated in skeletal muscle using
inhibitors of lysosomes, of calcium-activated proteases and the impact
of ATP depletion and, more recently, inhibitors of the proteasome
(9-13). These studies were carried out in muscles that had been
isolated from rats after establishing a catabolic condition that mimics
a human disease. The results demonstrate that the Ub-P’ some path-
way is almost uniformly stimulated by catabolic conditions (Table 1).

TABLE 1
Muscle Protein Turnover and the ATP-Ubiquitin-Proteasome Pathway
Expﬁ:;l;ntal Human Disease
fasting eating disorders
metabolic acidosis renal tubular defects, diabetes
kidney failure acute and chronic uremia
muscle denervation neuromuscular disease, immobilization
thermal injury burns
endotoxins sepsis, AIDS
tumor implantation cancer cachexia
glucocorticoids Cushing’s Disease
thyroid hormone Graves’ Disease
insulinopenia diabetes

Studies of experimental models of human diseases reveal that loss of muscle mass involves
a common pathway, the ubiquitin-proteasome system. In all of these models, there is evidence
of increased degradation of muscle proteins in the ubiquitin-proteasome pathway and in-
creased levels of mRNAs encoding components of the pathway.
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Proteins destined for hydrolysis by the Ub-P’ some system are mod-
ified by covalent binding of ubiquitin molecules, marking them as
target proteins for rapid, ATP-dependent degradation by the 26S pro-
teasome complex (3,14,15). The initial step in the Ub-P’ some pathway
(Figure 3) is formation by the ubiquitin-activating enzyme of a high
energy, ubiquitin-thioester intermediate. The activated ubiquitin is
then transferred to one of many ubiquitin-carrier proteins (E2’s) before
it is linked to the e-amino of a lysine in the protein substrate. The
latter reaction is catalyzed by a ubiquitin-protein ligase, E3. In suc-
cessive reactions, a chain of 5 or more ubiquitin molecules is formed,
serving as a marker recognized by the 26S proteasome. The 26S
proteasome consists of four rings composed of distinct subunits (the
20S proteasome) and 19S cap particles that are on both ends of the
cylindrical structure. These caps contain molecules that recognize the
ubiquitin-protein conjugate as well as ATPases that presumably func-
tion to unfold the protein substrate. The active sites of the 26S pro-
teasome are contained on the inner surface of a cylindrical core made
up by the four rings (15). Thus, there are several steps which could be

Fic. 3. A schematic depiction of the multiple steps involved in degradation of a
protein in the ubiquitin-proteasome system. This complex pathway has several sites
where the rate of protein degradation could be regulated and this is necessary to prevent
excessive protein loss.
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stimulated or suppressed to regulate the process of protein degrada-
tion by the Ub-P’ some system.

MUSCLE PROTEIN DEGRADATION IN CATABOLIC
CONDITIONS

Early measurements of protein turnover established that nitrogen
balance as an index of the loss of muscle mass is substantial in patients
with sepsis, burns or after injury (Table 2). The next level of under-
standing came when it was shown that accelerated protein degrada-
tion is responsible for the muscle protein loss that occurs in animal
models of these diseases. For example, we have been interested in the
mechanisms causing loss of muscle protein in kidney disease because
malnutrition and muscle atrophy are common in dialysis patients (16).
In searching for the factors that stimulate muscle protein catabolism,
we evaluated the impact of metabolic acidosis because it is common in
patients with kidney disease and it can be experimentally manipulated
by feeding NaHCOg. In the initial series of investigations we found
that protein degradation is accelerated in isolated muscles of rats that
had been fed NH,Cl to induce metabolic acidosis; this response was
shown to require glucocorticoids (3). In studies of intact rats, we then
confirmed that glucocorticoids are required for the stimulation of mus-
cle protein breakdown and the increased levels of mRNAs encoding
components of the Ub-P’ some system (17,18). These studies were
extended in rats to show that the metabolic acidosis caused by chronic
renal failure (CRF) stimulates protein breakdown in muscle (19) and
later, that the proteolytic pathway stimulated by metabolic acidosis is
the Ub-P’ some pathway (11). In the evaluation of CRF, we used an
inhibitor of the proteasome and proved that activation of the Ub-P’
some pathway is responsible for the accelerated muscle proteolysis (9).
An interesting feature of all disorders that have been shown to activate

TABLE 2
Magnitude of nitrogen losses in catabolic illnesses

Cumulative losses in 7 days

Illness
Nitrogen (g) Protein equivalent (kg)
Extensive burn 119 0.71
Multiple injuries 105 0.70
Long-bone fracture 81 0.50
Major surgery 35 0.22
Acute renal failure (toxin) 16.5-24.5 0.11-0.15
Minor surgery 16.4 0.11

Pneumonia 41 0.31
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the Ub-P’ some system is the associated increase in the levels of
mRNAs encoding ubiquitin and subunits of the proteasome; the same
occurs with metabolic acidosis (3,11).

Several groups of investigators have reported that metabolic acidosis
stimulates protein degradation in patients. Both normal adults and
predialysis CRF patients respond to metabolic acidosis by increasing
protein degradation (20,21). Moreover, the accelerated protein break-
down occurring in CAPD or hemodialysis patients who have acidosis is
substantially reduced by giving them NaHCO; to correct metabolic
acidosis (22,23). Furthermore, hypoalbuminemia (the primary indica-
tor of mortality in dialysis patients (24)) can be significantly improved
by correcting metabolic acidosis (25). Perhaps the most convincing
evidence that acidosis stimulates protein catabolism in uremic pa-
tients is found in the report of Stein et al (26). They carried out a
year-long, randomized trial of the influence of correcting acidosis on
the nutritional status of CAPD patients and reported a significant
increase in both weight and muscle mass when acidosis was corrected.
We are collaborating with this group to carry out a similar CAPD
protocol and we find that correction of acidosis is associated with a
significant decrease in the level of ubiquitin mRNA measured in mus-
cle. Others report that the levels of mRNA encoding ubiquitin and
subunits of the proteasome are increased in muscle of patients with
different catabolic disorders (27,28). These results provide evidence for
activation of the Ub-P’ some pathway in patients, as suggested by
results from experimental models of catabolic illnesses.

SIGNALS ACTIVATING THE PROTEOLYSIS IN UREMIA

Even though there is overwhelming evidence that the metabolic
acidosis of CRF causes muscle atrophy in rats by accelerating pro-
tein breakdown, identifying the signals activating protein catabo-
lism has been difficult. Potential signals include a low cell pH,
glucocorticoids, impaired insulin responses and cytokines. For ex-
ample, in cultured muscle cells, the intracellular pH decreases when
the media is acidified and protein degradation rises (29,30). How-
ever, the muscle cell pH (measured by NMR) in anesthetized, normal
rats with metabolic acidosis, reveals only a small decrease, and in
CRF-rats with acidosis, there is no decrease in muscle pH nor any
abnormality in the recovery of pH following intracellular acidifica-
tion. The latter was especially surprising considering our demon-
stration that ion transporters in muscle from rats with CRF function
abnormally (31-34). These results make it highly unlikely that a
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decrease in intracellular pH in CRF is the principal cause that
activates the Ub-P’ some system in muscle. It is still possible that
metabolic acidosis acts indirectly to stimulate cellular catabolism.
For example, in isolated monocytes, acidification stimulates tumor
necrosis factor (TNF«) production while in muscle, metabolic acido-
sis causes insulin resistance (35,36) and both of these responses
could stimulate catabolic mechanisms.

Glucocorticoids are a second candidate for the signal that activates
muscle protein degradation because glucocorticoid production is in-
creased in uremia (19) and we found that glucocorticoids are neces-
sary for the accelerated muscle protein breakdown stimulated by
metabolic acidosis (17,37). The important point is that physiologic
levels of glucocorticoids alone do not activate the system, indicating
that glucocorticoids must be acting in a permissive, rather than a
primary role. In fact, it has been shown that glucocorticoids are
required for activation of the Ub-P’ some pathway and muscle pro-
tein breakdown in rats with acidosis, starvation, sepsis and acute
diabetes (17,37—40).

A third potential signal is depressed responsiveness to insulin be-
cause a reduced insulin level or impaired responses to insulin is com-
mon to several catabolic conditions (e.g., uremia, sepsis, starvation). To
identify how a low insulin level or impaired response to insulin might
influence the Ub-P’ some system, we studied streptozotocin-treated
rats (12). There was accelerated muscle protein degradation which was
blocked by a proteasome inhibitor proving that the Ub-P’ some path-
way is responsible for the muscle atrophy that occurs with uncon-
trolled diabetes mellitus. There also were high levels of mRNAs
encoding ubiquitin, ubiquitin-conjugating enzyme (E2,,,) and protea-
some subunits due to increased transcription of these genes (40) and
increased rates of conjugation of ubiquitin to the proteins in muscle
(41). All of these responses were independent of the metabolic acidosis
of diabetes but as with acidosis and starvation, were dependent on
glucocorticoids (40).

Finally, cytokines could be a factor that activates the Ub-P’ some
pathway (42). Firstly, the system is activated in muscle of rats with
burns, cancer, or sepsis and each of these conditions is associated with
high circulating levels of cytokines (3). Secondly, cytokines could even
be the signal in uremia because surveys of undernourished hemodial-
ysis patients show that these patients have high serum markers of
inflammation such as C-reactive protein and «,-macroglobulin (43).
Thirdly, evaluation of the responses to an infusion of cytokines re-
vealed that TNF« stimulates protein degradation in rats (44,45). So
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far, a mechanism by which a specific cytokine activates the Ub-P’ some
pathway has not been identified.

It is also possible that several signals act independently or in com-
bination to stimulate protein degradation in muscle. We tested for
interactions between glucocorticoids and cytokines by studying how
these factors act to regulate transcription of genes encoding compo-
nents of the ubiquitin-proteasome pathway in L6 muscle cells. The C3
proteasome subunit gene was studied because transcription of this
gene is increased when the ubiquitin-proteasome system is activated.
Our preliminary results indicate that NF-«B suppresses C3 subunit
transcription but this effect is blocked if glucocorticoids are present
(46). These results may provide an explanation for the permissive
influence of glucocorticoids in raising mRNAs of the ubiquitin-protea-
some system and they point out that multiple TNFa-signaling path-
ways could be involved in regulating proteolysis.

SUMMARY

In summary, muscle protein loss in uremia is related to activation of
the ubiquitin-proteasome proteolytic system to degrade muscle pro-
teins. This response invariably includes increased transcription of
genes encoding components of this pathway, suggesting that these
illnesses stimulate a program of catabolism. Signals that could acti-
vate muscle protein degradation by this system in CRF include meta-
bolic acidosis, impaired response to insulin and high circulating levels
of cytokines. The activation mechanism also involves glucocorticoids
which are necessary but not sufficient to activate protein degradation
in muscle.
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DISCUSSION

DuBOSE, Houston: Bill, these are very interesting results and they are intriguing
because of their simplicity as well in terms of the impact that simple bicarbonate
administration might have on patients who have chronic renal failure. I want to ask you,
now that you have extended activation of the ubiquitin proteosome pathway to other
diseases that aren’t always characterized by acidosis, can you tell us more about the
afferent limb of this pathway? What is the signal? It is not always, I assume, pH or
bicarbonate.

MITCH: Correct. We have a lot of complicated experiments to address your important
question. These molecule-popping experiments strongly suggest that cytokines are
heavily involved in activation of this system. Muscle proteolysis is not wholly due to
activation of the ubiquitin proteosome system, there also is activation of proteases that
are more proximal to the ubiquitin-proteosome system. These are activated first and
then the resulting proteins can be “fed into” the system.

WINCHESTER, Washington: Bill, as you and I know, there are over 300,000 patients
on dialysis in the United States alone, as of this year. The Holy Grail, of course, is
something that will stop the progression of renal disease. Does bicarbonate have any
effect on doing that?

MITCH: We don’t have those data. There are some studies in rats in which bicar-
bonate was shown to slow down progression by interfering with complement activation.
That story hasn’t gone anywhere as far as I know, unless somebody else knows. It would
be good if alkalinization did slow progression.

BRANSOME, Augusta: I would be very interested in your answer to the enthusiasm
in some quarters, including FDA approval for an indication, for the administration of
growth hormone in uremia. It seems as an antidote, if you will, to protein wasting. It
seems to me that the two hypotheses are incompatible.

MITCH: Like everything in biology, things are often complicated. It turns out that
growth hormone also suppresses protein breakdown, but the mechanism has not been
well worked out. As to giving growth hormone to kidney patients, as far as I know there
have been no long-term studies. There have been short-term studies and some of them
have shown some benefit. Others are disappointing and most of the ones that I am
familiar with have not been terribly well controlled. So I think these are things we have
to work out because there really is a large problem here and we haven’t solved it. It is so
darn simple and cheap to give bicarbonate, that I would opt for that first.

HUMPHREYS, San Francisco: I want to follow up with the question that Tom
addressed to you. There is a lot of interest now in the interaction between nutritional or
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metabolic issues and inflammation in ESRD patients in promoting tissue catabolism. I
wonder what your thoughts are about the nature of that interface and whether that is
where the cytokine pathways you alluded to might be coming into play.

MITCH: Well, in fact, I perhaps made the acid story too simplistic, but it is appealing
because we were able to manipulate it experimentally. It is certainly not the entire story.
Our belief, based on experiments in cultured cells largely, is that it includes a problem
with cytokines that are activating this system.

SMITH, Lawrence, Kansas: Bill, do your data allow a comparison in terms of protein
breakdown between acute acidosis and chronic acidosis to which the body has adapted?

MITCH: The experiments that have addressed that have been in normal adults given
acid loads. In those experiments, yes, indeed, acute metabolic acidosis will stimulate
protein breakdown. The data I showed you we assume represent chronic acidosis; so
probably both acute and chronic cases are comparable.

LUKE, Cincinnati: If 3000 nephrologists feed 300,000 dialysis patients with a lot of
bicarbonate, some will get metabolic alkalosis. What does that do to protein metabolism?

MITCH: I should ask you as the expert on alkalosis to help me with that question. In
the experiments that have been done in patients who are on dialysis, curiously, alkalosis
has not produced the sort of problems that I would have worried about. It is remarkably
safe. I talked with John Walls, who has had experience with inducing alkalosis in CAPD
patients, and he told me that he has indeed found no real problems, such as hyperten-
sion, because of extra sodium.



